Introduction
The interest for a selective detection of blue/ ultraviolet (UV) radiation is driven by some high-volume applications like flame detection in burners (Jones, 1988) and sunbath monitoring (Diffey, 1982) . The sensors dedicated to such applications should have a high sensitivity in the UV range and should be blind to visible (VIS) and near-infrared (NIR) radiation.
From the optical point of view, UVselective gas discharge tubes or sensors made of SiC (Edmund et al., 1993; Razegh et al., 1996) and GaN (Khan et al., 1992) show the best performances. However, the high fabrication costs very often limit their use in practical applications.
Silicon-based sensors have many obvious benefits, such as batch-processing, reliability and co-integration of electronics on the same substrate. A microsystem for a selective detection of UV radiation has already been presented (Popovic, 1993; Popovic et al., 1990) . It consists of a hybrid combination of a silicon UV photodiode, of a filter and lens system, and of a CMOS ASIC. The photodiode is selectively responsive to UV light thanks to a special doping profile and integrated interference filter. However, this system is relatively expensive, as a special process is needed for the photodiode fabrication and also due to the hybrid approach.
A single-chip integration with photodetector and pre-amplifier on the same substrate would have many positive impacts on the costs of fabrication, assembling, packaging and testing operations. Integration would also have a major impact on reliability and security of the system, because of the reduction in number of components like wire links. Finally, it would increase RFI (Radio Frequency Interference) immunity: the small dimensions and short length of the signal path carrying unamplified signals have an additional benefit (Wolffenbuttel et al., 1996) .
An attempt was made to extend the specialized sensor process (Popovic, 1993; Popovic et al., 1990) to allow the fabrication of the electronics with the sensor device on the same chip (Bolliger et al., 1995 (Bolliger et al., , 1996 . 
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Abstract A fully integrated sensor microsystem for blue/ultraviolet radiation detection is presented. The photosensitive part combines a blue/UV selective stripe-shaped photodiode with a small compensation infrared photodiode. A transimpedance amplifier with 1 G feedback resistor is integrated on the same silicon chip. The main features of the op amp are a low offset (<0.5mV) and fail-safe operation. This sensor has a maximal responsivity of 150 mV/nW at ! = 420 nm, corresponding to 43 percent quantum efficiency. A ratio of the responsivities at 420 nm and 1 "m as large as 560 is achieved. The system has a noise equivalent power of 5 10 -13 W. The 2.2 mm 2 microsystem is realized in a standard CMOS 0.5 "m process.
Electronic access
The research register for this journal is available at http://www.mcbup.com/research_registers/aa.asp However this approach proved to be complicated from a technological point of view.
In this paper, we present a single-chip integrated UV-sensor microsystem realized in a standard CMOS 0.5"m process.
Optoelectronic microsystem
This section gives an overview of the constituent elements of the system. A more detailed description will be given in the next sections.
The 2.2mm 2 silicon optoelectronic microsystem ( Figure 1 ) for UV detection is fabricated in a standard CMOS 0.5"m technology. It is composed (Figures 1 and 2 ) of a 1mm 2 UV-selective stripe-shaped photodiode, combined with a 15 times smaller infrared (IR) photodiode to achieve a high UV selectivity. The electronic circuit, integrated on the same silicon chip, consists of a transimpedance amplifier with low-offset voltage and fail-safe operation. A 1 G feedback resistor is integrated by means of a long transistor.
UV-selective photodiode system
The main component of the photosensitive part is a 1mm 2 UV-selective stripe-shaped photodiode. Its operation principle is thoroughly described in Pauchard et al. (1999) . The selectivity is achieved using a shallow active region, limited by a high potential barrier at a depth of 450 nm. A stripe-shaped anode geometry (top of Figure  3 ) is used to improve the UV-responsivity by minimizing the dead layer area. This photodiode has a maximal responsivity of 0.15 A/W at ! = 420 nm, corresponding to a quantum efficiency of 43 percent (Figure 4) . A selectivity, defined as the ratio of the responsivities at 420 nm and 1"m, of 100 is achieved without the use of optical filters. In order to further improve the intrinsic selectivity of the device, a small infrared photodiode is added to the system (Figure 2 and 3). The photocurrent I ph IR of the IRdiode is subtracted from that I ph UV of the UVdiode in order to render the system less responsive to IR radiation. The P + -N well junction of the IR diode is short-circuited to make the photodiode blind to UV radiation. Only those carriers which cross the second N well -P substrate junction participate in the external photocurrent. The product of the responsivity and the photodiode area is presented in Figure 4 for both photodiodes.
In the UV range, the IR photodiode (IR-PD) has a negligible responsivity-area product. On the contrary, for ! > 800 nm, the product is made almost equal to that of the UV diode by choosing an appropriate ratio of the photodiode areas. According to the smaller responsivity of the UV photodiode in the IR range, the IR diode has to be 15 times smaller than the UV diode, resulting in a very small 0.066mm 2 infrared photodiode. Figure 5 compares the spectral responsivity of the UV photodiode with that of our photodiode system, combining the UV and the IR photodiodes. The addition of the IR photodiode improves the selectivity by a factor of 5.6, limited mainly by fabrication tolerances.
The final photodiode system has maximum responsivity at ! = 420 nm with 0.15 A/W. In the UV region, its response corresponds to that of conventional UV-enhanced photodiodes. In the VIS and NIR ranges, the response rapidly decreases. A high ratio of the responsivities at 420 nm and 1"m larger than 560 is achieved by means of an IR-rejection technique.
Transimpedance amplifier
In order to convert the small photocurrent (typically 100 pA) produced by a flame in burners, a large transimpedance amplifier of 10 9 V/A is required.
Integrated 1G resistor
A long and narrow channel p-transistor used as a 1 G resistance is co-integrated on the same silicon chip (Figure 2 ). It has a width W of 0.8"m and a length L of 25mm. A p-type transistor is prefered to an n-type transistor because of its higher channel resistance. Moreover, the p-transistor is made in a n-well, which helps to better isolate the channel. The non-linearity inherent in floating active resistors is of little consequence in such applications where only the presence of UV radiation has to be detected. The transistor resistance changes from 0.9 G to 1.6 G in the entire output swing, as shown in Figure 6 . The transistor operates in the linear region in order to provide the voltage dynamic across the device. In accordance with the required voltage dynamic of 0.6V, both the transistor size and bias conditions of the transistor gate are optimized. Wider operating voltage range needs larger voltage between the transistor gate and the channel and thereby a longer transistor channel. As the microsystem operates under severe environmental conditions, a low temperature Figure 4 Product of the measured responsivity and the area vs wavelength for both UV and IR photodiodes Figure 5 Measured spectral response of the UV-photodiode (UV PD) and of the complete photodiode system (UV and IR) Figure 6 Measured transistor resistance vs source-drain voltage dependency of the transistor resistance must be achieved. The gate voltage of the transistor is only used to adjust the transistor resistance (see Figure 2 ). This voltage is provided by the gate voltage of a corresponding current mirror. The gate voltage of the current mirror changes with temperature in such a way that the value of the mirrored current is conserved (Allen and Holberg, 1996) . Therefore, the current mirror tends to compensate the temperature influence on the mirrored current. This effect is used to compensate the temperature variations of the transistor resistance.
Operational amplifier
The op amp consists of a two stages amplifier with source-follower output. The main features of this amplifier are a small offset and a fail-safe operation.
During the manufacture and the packaging, the microsystem is subject to mechanical stress. The consequence is the appearance of op amp offset due to piezoresistive effect that may reach 10 mV with a standard CMOS technology. It is an unacceptable value for such a safety application. The detrimental piezoresistive effect was reduced by placing the input stage of the op amp at the chip center, where the mechanical stresses are more uniform (Van Gestel and Van-Germert, 1993 ). An offset smaller than 0.5 mV has been achieved on all measured devices without offset correction.
An additional post-fabrication offset trimming method using poly-fuses, similar to the one presented in Reidel and Stoessel (1993) , was also implemented in the case of a higher offset. The offset voltage can be changed in 15 steps of 0.65 mV each by changing the ratio of the load transistor (20 devices on two different runs).
As this sensor will be used as a security device, fail-safe operation is required. This means that the output will always be VDD when the flame is missing or any error, such as a short or an open circuit, occurs Reidel and Stoessel (1993) .
One method is to surround each critical wire by two neighbouring wires at fail-safe potential. In case of an electromigration problem, the security system is alerted by placing the output voltage at the safe-state VDD. As both the photodetector and the electronic circuit are co-integrated on the same chip, the number of possible errors is even smaller than in the hybrid version presented in Reidel and Stoessel (1993) .
In order to avoid saturation of the output stage of the op amp by strong illumination, a lateral PNP transistor used as a diode is connected in parallel with the feedback resistance and capacitance. In this way the output voltage swing is limited to 0.55V. Figure 7 shows the measured output voltage of the read-out circuit as a function of the photocurrent.
The major electrical characteristics are shown in Table I . Figure 8 shows the system response to an alternating blue LED radiation. The system output signal at strong illumination saturates at 2.75 V due to the presence of the lateral PNP transistor. When the light is switched off, the capacitance discharges during about 40 ms. This detection delay is short enough to turn off on time the gas inlet valve in burner installations. A full capacitance load at light switching on is not visible because of the saturation mentioned above. The first three are white noises, whereas the last has a more complex frequency dependency. The amplifier's input noise voltage is mostly dominated by the noise of the NMOS transistors of the input differential pair. Each noise component as well as the total RMS noise are plotted in Figure 9 , together with the noise measured on the UVS-microsystem. If a bandwidth of 16 Hz and a photocurrent of 100 pA are chosen, a useful output signal of 100 mV and a total output noise voltage of 87"V are obtained. The amplifier's input noise voltage is by far the dominant noise source of our sensor system. A noise equivaent power (NEP) for a wavelength of 420 nm of 5 10 -13 W is achieved.
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Conclusions
We present a fully integrated sensor microsystem for selective UV detection, fabricated in a standard 0.5"m CMOS process. The device has a maximal response of 150 mV/nW at ! = 420 nm, corresponding to a quantum efficiency of 43%. The photosensitive part combines both a 1 mm 2 UV-selective-and a 15 times smaller IRphotodiode. It yields a ratio of the responsivities at 420 nm and 1"m as large as 560. A fail-safe transimpedance amplifier with 1 G_ feedback resistor is integrated on the same chip. The op amp has a residual offset smaller than 0.5 mV. A NEP of 5 10 -13 W is achieved. This microsystem is intended for low-cost UV detection applications. Figure 9 Simulated spectral noise density components and total noise density, as well as measured noise density Figure 8 Measured output voltage when the system is illuminated with blue radiation of a LED at 1 Hz frequency
